Introduction {#s1}
============

Programmed cell death, apoptosis, is an essential process in the development and the sculpturing of the growing organism. Apoptosis is a cascade process involving a sequence of biochemical reactions. Altered functions in the apoptotic cascade, for example caused by mutations, can lead to diseases. Much research carried out in the field of apoptosis has focused on biochemical alteration in intracellular signalling cascades, where pro-apoptotic proteins and proteases are activated, mitochondrial proteins released, and DNA degradation occurs [@pone.0088381-Ulukaya1]. However, the initial steps triggering the apoptotic process are less known. Alterations in the intracellular ion concentrations have been one such suggested initial event [@pone.0088381-Arrebola1], [@pone.0088381-Arrebola2]. A number of ion channels open during the early steps of the apoptotic process and block of the channels also prevents or delays the apoptotic process. Apoptotic stimuli, such as staurosporine (STS) or serum deprivation has been shown to activate K^+^ channels [@pone.0088381-Yu1]. Opening of K^+^ channels leads to an efflux of K^+^ ions and a decrease in the intracellular K^+^ concentration [@pone.0088381-Yu1]--[@pone.0088381-Bortner1]. The decreased K^+^ concentration has been shown to facilitate activation of caspases and apoptosis-associated nucleases. Consequently, block of K^+^ channels prevents apoptosis [@pone.0088381-Yu1], [@pone.0088381-Wei1], [@pone.0088381-Krumschnabel1]. Opening of Na^+^ channels, leading to an increased Na^+^ influx and intracellular Na^+^ concentration also triggers apoptosis. Consequently block of Na^+^ channels prevents apoptosis [@pone.0088381-Arrebola1], [@pone.0088381-Arrebola2], [@pone.0088381-Akanda1]--[@pone.0088381-Banasiak1]. Finally, also Cl^−^ channels have been linked to apoptosis. STS opens of a large-conductance Cl^−^-conducting anion channel [@pone.0088381-Akanda1], [@pone.0088381-Elinder1], [@pone.0088381-Akanda2], which has been suggested to be identical to the mitochondrial voltage-dependent anion channel, VDAC. Because the Cl^−^ equilibrium potential and consequently the intracellular Cl^−^ concentration normally follows the resting potential [@pone.0088381-Armstrong1], opening of the channel is not expected to alter the Cl^−^ concentrations. However, opening of Cl^−^ channels is possibly an essential step in combination with opening of K^+^ channels [@pone.0088381-Yu1], [@pone.0088381-Elinder1], [@pone.0088381-Maeno1]. Block of these Cl^−^ channels has also been shown to prevent apoptosis.

Thus, alterations in intracellular ion concentrations are early steps in the apoptotic process. Despite this crucial role, still very little is known about the details of the role of ion channels and intracellular concentrations in apoptosis. Most cells are small and less suitable for biophysical investigations. Therefore, in the present investigation, we utilized large oocytes from the clawed toad *Xenopus laevis* as a model cell. These oocytes are easy to investigate with electrophysiological techniques, they have been shown to undergo classical apoptosis [@pone.0088381-Johnson1], [@pone.0088381-Nutt1], and was recently shown that intracellular ion concentrations can be measured by nanoprobes [@pone.0088381-Ali1]. STS activates caspase-3 and decreases the intracellular K^+^ concentration, but this K^+^ concentration alteration was shown not to be obligatory for the apoptotic process [@pone.0088381-Brjesson1]. The specific purpose of the present investigation was to explore if the *Xenopus* oocyte alters its electrophysiological characteristics during STS-induced apoptosis, and if so, if the apoptotic process could be affected by preventing ion fluxes.

Results {#s2}
=======

Staurosporine induced apoptosis in *Xenopus* oocytes {#s2a}
----------------------------------------------------

*Xenopus* oocytes have previously been shown to increase its caspase-3 activity when challenged by 1 µM STS [@pone.0088381-Brjesson1]. However, little is known of the details about electrophysiological properties and intracellular ion concentrations. Here, we wondered if STS also alters morphological characteristics and other signs of apoptosis. [Figure 1A](#pone-0088381-g001){ref-type="fig"} shows microscope pictures of oocytes incubated in a control solution and in 20 µM STS for 6 hours. The STS-exposed oocyte showed typical signs of apoptosis: A more diffuse line between the animal and vegetable pools, as compared to control oocytes. 1 µM STS also caused these changes but then a longer exposure time was needed. We also measured caspase-3 activity in the oocytes. In contrast to many other cells, the control oocytes showed a high and variable level of caspase-3 activity. Despite this high level in control oocytes, 1 µM STS for 6 hours almost doubled the caspase-3 activity ([Fig. 1](#pone-0088381-g001){ref-type="fig"} B, control: 120,000±30,000 *n* = 9, black; STS: 240,000±25,000 *n* = 23, red. Unpaired t-test p\<0.05). Thus, the *Xenopus* oocyte seems to show normal signs of apoptosis.

![Apoptosis in *Xenopus laevis* oocytes.\
**A**. Morphological changes of *Xenopus laevis* oocytes before (Control) and after 6 hours of treatment with 20 µM staurosporine (STS-treated). **B**. Measurement of caspase-3 activity in control oocytes (black, 120,000±30,000, *n = *9) and staurosporine (1 µM) treated oocytes (red, 240,000±25,000, *n = *23). Statistical analysis is unpaired t-test (\* P\<0.05).](pone.0088381.g001){#pone-0088381-g001}

Activation of a voltage-gated ion channel during apoptosis {#s2b}
----------------------------------------------------------

To explore possible alterations in ion channel activity of the oocytes we used the two-electrode voltage-clamp technique to measure transmembrane ion currents. Control oocytes have several types of ion channels but normally the activity is low, making them suitable as an expression system for exogenous channels [@pone.0088381-Abelson1]. [Figure 2A](#pone-0088381-g002){ref-type="fig"} shows typical current recordings at +100 mV from control and STS-induced apoptotic oocytes, respectively. The current reached steady state after 300--400 ms and did not show any sign of inactivation during a 1-s pulse. To isolate the STS-induced current component we also plot the difference (dashed trace), by subtracting the current in control cells (black trace) from the current in apoptotic cells (red trace). The difference current is similar to control and apoptotic current but differs in one aspect: it reaches a maximum at about 300--400 ms and declines about 5% during the 1-s pulse. This suggests, either that (i) the current in control oocytes is different from the current that is induced during apoptosis or that (ii) the current in control oocytes is a mix of two or more currents: one that is slowly activating during the entire 1-s pulse and one that is slowly inactivating and which is enhanced during apoptosis. As will be shown later on in this work, there is a slowly activating ion current different from the STS-induced current, thus supporting the second hypothesis. The steady-state current at +100 mV (measured 300 ms after onset of the pulse) was 1.8±0.3 µA (*n* = 17) in control oocytes. After 6 hours exposure to 1 µM STS the outward current was increased almost 3-fold to 4.8±0.5 µA (*n* = 13) ([Fig. 2B](#pone-0088381-g002){ref-type="fig"}).

![Voltage-gated ion channel activated during apoptosis.\
**A**: Electrophysiological properties of an outward current in control oocytes (black) and staurosporine (1 µM) treated oocytes (red) in *Xenopus* oocytes at +100 mV. The difference between the current in control and STS-treated oocytes is also plotted (dashed line). **B**. Mean steady-state current at +100 mV in control (1.8 µA±0.5 µA, *n* = 17) and apoptotic oocytes treated with 1 µM STS (4.8 µA±0.3 µA, *n* = 13). Steady state currents at +100 mV are significantly larger in the apoptotic oocytes than in controls (\*\*\*\* P\<0.0001). Statistical analyses are mean ± SEM and unpaired t-test. Recordings were done in 100Na solution.](pone.0088381.g002){#pone-0088381-g002}

Properties of the up-regulated ion current {#s2c}
------------------------------------------

To explore the identity of the channel activated during apoptosis, we first investigated the kinetic properties of the channel. [Figure 3A and B](#pone-0088381-g003){ref-type="fig"} show a typical family of currents associated with voltage steps between −20 and +100 mV from a holding voltage of −80 mV. At −20 to +10 mV no current was activated. At +10 to +40 mV the current was inward ([Fig 3C](#pone-0088381-g003){ref-type="fig"}, red traces). Voltage steps to +60 mV and above generated large positive (outward directed) currents. After 900 ms the membrane voltage was changed to 0 mV. This step produced a large inward going current and closed the channel ([Fig. 3B and C](#pone-0088381-g003){ref-type="fig"}). The steady-state current plotted versus membrane voltage produced a curve crossing the x-axis at +55±4 mV (*n* = 7) ([Fig. 3D](#pone-0088381-g003){ref-type="fig"}). This positive reversal potential suggests that the channel conducts Na^+^ rather than K^+^ or Cl^−^ ions. The large outward going current also makes it unlikely that it is a Ca^2+^ channel because the intracellular Ca^2+^ concentration is very low [@pone.0088381-Asif1]. [Figure 3E](#pone-0088381-g003){ref-type="fig"} shows the steady-state conductance-versus-voltage, *G*(*V*), calculated from Eq. 1 for STS-induced currents. The midpoint voltage was +55±2 mV (*n* = 3), and the apparent gating charge *z* ~g~ was 2.0±0.2 (*n* = 3) (Eq. 2). This suggests that the voltage sensor of the channel moves at least 2 charges before opening the channel. The closing kinetics was roughly exponential and the time constant for STS-treated oocytes is shown in [Figure 3F](#pone-0088381-g003){ref-type="fig"} (closed symbols, *n* = 8). Opening kinetics is more complicated with a fast and a slow component. The slow component probably represents another current (see previous section). [Figure 3F](#pone-0088381-g003){ref-type="fig"} shows time constants for the opening kinetics of the fast component (open symbols, *n* = 5).

![Properties of the STS-induced current.\
**A**. The voltage pulse protocol. **B**. Typical corresponding currents, showing inward current at intermediate voltages (see red traces). The recording has been corrected for leak conductance of 1.4 µS. **C**. Magnification from **B**. The inward currents between +10 and +40 mV are shown in red. **D**. Steady-state current vs. voltage from **B**. **E**. Typical *G*(*V*) curve for the STS-induced currents. **F**. Time constants for the fast activation component from a double exponential fit (open symbols, *n = *5), and the single exponential closing of the studied current (closed symbols, *n = *8).](pone.0088381.g003){#pone-0088381-g003}

The voltage-gated ion channel is a Na^+^ channel {#s2d}
------------------------------------------------

The analysis above suggested that the channel was selective for Na^+^. To investigate this hypothesis further, we removed Na^+^ from the extracellular solution. Changing the extracellular solution from 100 mM Na^+^ (100Na) to 0 mM Na^+^ (0Na), where Na^+^ is completely replaced by K^+^, showed that although a similar outward going current was present in both solutions, the inward going tail currents (after 950 ms) in 100Na solution disappeared in 0Na ([Fig. 4A](#pone-0088381-g004){ref-type="fig"}). This alteration in tail current was completely reversible when Na^+^ was reintroduced ([Fig. 4A](#pone-0088381-g004){ref-type="fig"}, *n* = 4). A similar type of recording, where the channel is activated at +30 mV, shows an inward current in 100Na solution but an outward current in the 0Na solution ([Fig. 4B](#pone-0088381-g004){ref-type="fig"}). Also here the inward going tail is gone at 0Na. In control oocytes, the inward going tail current was smaller, but removal of extracellular Na^+^ abolished the inward tail ([Fig. 4C](#pone-0088381-g004){ref-type="fig"}). All differences between the recordings with and without Na^+^ must be mediated by Na^+^; the current could not be carried by either Cl^−^ or Ca^2+^, since their concentrations were not changed. It could not be carried by K^+^ because this would increase the tail current rather than decreasing it. The inward going tail current relative the outward going steady-state current in control oocytes is smaller compared to STS-treated oocytes. The reason for this is most likely that the contribution of another current, described later in this work, is relatively larger in control oocytes. Taken together, these experiments suggested that the apoptosis-induced ion channel is Na^+^ selective.

![The voltage-gated ion channel is a Na^+^ channel.\
**A**. Tail currents measured at 0 mV after a prepulse to +100 mV demonstrating that the inward tail current in 100Na solution (black, *n = *4) is abolished in 0Na solution (blue) in STS-treated oocytes. Switching back to 100Na recovered the inward current (grey). **B**. The same recording but at +30 mV showing inward current in control solution (black) and outward in 0Na (blue).**C**. The inward tail currents measured in control oocytes are also abolished when 100Na (black) is replaced with 0Na (blue, *n = *3) in the extracellular solution.](pone.0088381.g004){#pone-0088381-g004}

Pharmacology of the Na^+^ channel {#s2e}
---------------------------------

The above described Na^+^ channel is atypical because it does not show any prominent inactivation during a 1-s pulse to +100 mV ([Fig. 3B](#pone-0088381-g003){ref-type="fig"}). Most Na^+^ channels show a fast inactivation [@pone.0088381-Hille1]. Among the 10 Na^+^ channels found in the human genome only one lacks fast inactivation [@pone.0088381-DibHajj1]. Unfortunately, it was not possible to apply longer, 10-s, pulses to explore if there is a clear inactivation in the STS-induced currents because such long pulses activated other ion channels in control cells that irreversibly altered the electrophysiological properties of the oocytes. To further characterize the ion channel, we explored the effect of several classical Na^+^ channel blockers. The channel was insensitive to high concentrations of either amiloride (known to block weakly voltage dependent epithelial Na^+^ channels; [Fig. 5A](#pone-0088381-g005){ref-type="fig"}) or of tetrodotoxin (known to block most, but not all, of the voltage-gated Na^+^ channels; [Fig. 5B](#pone-0088381-g005){ref-type="fig"}). Instead we explored the promiscuous Ca^2+^-channel blocker verapamil which also blocks Na^+^ and K^+^ channels [@pone.0088381-Rolf1]--[@pone.0088381-Roger1]. 200 µM verapamil almost completely abolished the current ([Fig. 5C](#pone-0088381-g005){ref-type="fig"}), and only left a slowly activating component which most likely is another type of channel. 200 µM verapamil had a similar effect on control oocytes ([Fig. 5D](#pone-0088381-g005){ref-type="fig"}), but the relative reduction was, however, much smaller. The most likely explanation is that both control and STS-treated oocytes have a slowly activating component of about the same size while incubation in STS up-regulates the Na^+^ current with much faster activation kinetics.

![Pharmacology of the Na^+^ channel.\
**A**. 10 µM amiloride (blue) does not block the STS-induced current at a voltage-clamp step to +100 mV. **B**. 1 µM Tetrodotoxin (blue) does not block the STS-induced current at a voltage-clamp step to +100 mV. **C**. 200 µM verapamil (blue) blocks the fast activation current in STS-treated oocytes, leaving a slowly activating current. **D**. 200 µM verapamil (blue) blocks the fast activating current in control oocytes. **E**. Difference plots from **C** and **D** showing the verapamil sensitive Na^+^ current in STS-treated (red) and control (black) oocytes. **F**. Dose-response curve for the effects of verapamil (n = 3--5). IC~50~ = 10.1 µM with the Hill coefficient  = 1.](pone.0088381.g005){#pone-0088381-g005}

To explore this component in more detail we plotted the difference between currents (from [Fig. 5C and D](#pone-0088381-g005){ref-type="fig"}) with and without verapamil ([Fig. 5E](#pone-0088381-g005){ref-type="fig"}). These verapamil difference currents not only have almost identical time courses, they are also almost identical to the STS-induced current ([Fig. 2A](#pone-0088381-g002){ref-type="fig"}). This suggests that the 3-fold increase in total current ([Fig. 2](#pone-0088381-g002){ref-type="fig"}) in STS-treated oocytes is an underestimation of the increase in the slowly non-inactivating Na^+^ current, it should be closer to five-fold ([Fig. 5E](#pone-0088381-g005){ref-type="fig"}). Because the STS-induced current ([Fig. 5E](#pone-0088381-g005){ref-type="fig"}) peaked at about 300 ms after onset of the voltage pulse we measured the current reduction effect at this time point. 200 µM verapamil reduced the current by about 70%. Both 50 µM and 100 µM had similar effects ([Fig. 5F](#pone-0088381-g005){ref-type="fig"}) suggesting that saturation had been reached at 200 µM. The remaining 30% which also had a much slower opening kinetics is believed to be of other origin. 50% of full block effect was reached at 10 µM ([Fig. 5F](#pone-0088381-g005){ref-type="fig"}).

Comparison of the non-inactivating Na^+^ current in STS-treated and control oocytes {#s2f}
-----------------------------------------------------------------------------------

To compare the non-inactivating Na^+^ current in control oocytes with that in STS-treated oocytes we investigated the difference plots from recording with and without 200 µM verapamil. [Figure 6A](#pone-0088381-g006){ref-type="fig"} shows typical *G*(*V*) curves of the verapamil-blocked current from control and STS-induced apoptotic oocytes. The amplitude at +100 mV is increased from 0.8±0.1 µA (*n* = 3) to 3.6±0.3 µA (*n* = 3) during STS treatment (p\<0.01), and the reversal potential is shifted from +76±6 mV (*n* = 3) to +55±7 mV (*n* = 3) during STS treatment (p\<0.05) ([Fig. 6B](#pone-0088381-g006){ref-type="fig"}). The Na^+^ conductance at 100 mV increased 2.7-fold, from 0.03±0.004 mS (*n* = 3) to 0.08±0.01 mS (*n* = 3), during STS-treatment. However, there is no significant difference in V~50~ or slope of the *G*(*V*) curves ([Fig. 6C-D](#pone-0088381-g006){ref-type="fig"}).This suggests that the Na^+^ current is present in control cells and that it is up-regulated in the apoptotic oocytes with no alterations in its properties.

![Comparison of Na^+^ currents in STS-treated and control oocytes.\
**A**. Typical Steady-state current versus voltage curve for the fast activated verapamil-sensitive Na^+^ current after subtraction of the slow activated verapamil-insensitive current in STS --treated oocytes (red) and control oocytes (black). **B** Mean steady-state current at +100 mV (left) after subtraction of the slow activated current for STS-treated oocytes (red, 3.55±0.3 µA, *n* = 3) and control oocytes (black, 0.8±0.1 µA, *n* = 3). Mean reversal potential (V~rev~, right) after subtraction of the slow activated current for STS-treated oocytes (red, +55±7 mV, *n* = 3) and control oocytes (black, +76±6 mV, *n* = 3). Statistical analyses are mean±SEM and unpaired t-test (\* P\<0.05 and \*\* P\<0.01) **C**. Normalized *G*(*V*) curves for the fast activated Na^+^ current after subtraction of the slow activated current in STS-treated (red) and control oocytes (black). **D** Mean V~50~ (left) after subtraction of the slow activated current for STS-treated oocytes (red, +68±4 mV, *n* = 3) and control oocytes (black, +74±4 mV µA, *n* = 3). Mean slope (Slope, right) after subtraction of the slow activated current for STS-treated oocytes (red, 11.2±1.1 mV, *n* = 3) and control oocytes (black, 11.4±1.5 mV, *n* = 3). Statistical analyses are mean±SEM and unpaired t-test.](pone.0088381.g006){#pone-0088381-g006}

The role of Na^+^ influx for the intracellular Na^+^ concentration, the Na^+^ conductance, and apoptosis {#s2g}
--------------------------------------------------------------------------------------------------------

If a Na^+^ current is activated during apoptosis this might increase the intracellular Na^+^ concentration, which could be a critical event in triggering the apoptotic process. To explore this we tried to reduce the Na^+^ influx. The most obvious way to reduce the influx was to block the channel by verapamil. Unfortunately, the oocytes did not tolerate a six-hour incubation in 1 µM STS together with 200 µM verapamil; the oocytes became fragile and leaky, and impossible to handle. Instead, to prevent the Na^+^ influx, we removed Na^+^ from the extracellular solution. Extracellular Na^+^ chloride was substituted by either choline chloride or tetramethylammonium chloride (TMA) [@pone.0088381-Hodgkin1] during the six hour incubation period. The choline treatment, but not the TMA treatment, was tolerated. Thus, for choline chloride treated cells electrophysiological recordings could be carried out.

Most significantly, the reversal potential in STS-treated oocytes shifted from +55±7 mV (*n* = 3; red curve in [Fig. 7A](#pone-0088381-g007){ref-type="fig"}) to 78±4 mV (*n* = 3; dark blue curve in [Fig. 7A](#pone-0088381-g007){ref-type="fig"}) in choline^+^ incubation compared to normal extracellular solution, indicating less intracellular Na^+^ in the choline-incubated cells. The reversal potential in control oocytes (+76±6 mV, *n* = 3) is similar to choline/STS-treated cells (78±4 mV, *n* = 3). In contrast, the conductance was significantly increased, almost doubled, for STS-treated oocytes compared to control oocytes, independent of the identity of the extracellular cation (Na^+^ or choline^+^; [Fig. 7B](#pone-0088381-g007){ref-type="fig"}). This suggests that the increase in intracellular Na^+^ is not critical for the increased Na^+^ conductance. Substitution of Na^+^ by K^+^ during incubation also kept the reversal potential close to that for control oocytes (light blue curve in [Fig. 7A](#pone-0088381-g007){ref-type="fig"}, labelled w/o Na STS, 87±8 mV, *n* = 4). However, STS did not increase the conductance at +100 mV in the KCl experiments (w/o Na in [Fig 7B](#pone-0088381-g007){ref-type="fig"}), but these data are difficult to judge because of the closeness to the reversal potential. A summary of all conductance data are shown in [Fig 7B](#pone-0088381-g007){ref-type="fig"} (Control = 0.04±0.004 mS, *n* = 5, black; STS = 0.08±0.01 mS, *n* = 5, red; Choline control = 0.03±0.004 mS, *n* = 6, grey; Choline + STS = 0.06±0.001 mS, *n* = 3, blue; w/o Na control = 0.02±0.001 mS, *n* = 4, light grey; w/o Na + STS = 0.02±0.002 mS, *n* = 4, light blue).

![Role of Na~x~ and intracellular ions during apoptosis.\
**A**. Steady-state current vs. voltage for oocytes treated with 1 µM STS in MBS solution (red), 1 µM STS in MBS solution where NaCl had been replaced by ChCl (dark blue) and 1 µM STS in MBS solution where NaCl had been replaced by KCl (light blue, w/o Na). The electrophysiological measurements were done in 100Na solution. Replacing extracellular Na^+^ with either choline^+^ or K^+^ shifted the reversal potential from +50 mV to +80 mV, and +90 mV, respectively. **B**. The conductance at +100 mV increased in STS-treated (red, 0.08±0.01 mS, *n* = 5) compared to control oocytes (black, 0.04±0.004 mS, *n* = 5). Replacing extracellular Na^+^ with choline^+^ did not affect the Na^+^ conductance neither in control oocytes (grey, 0.03±0.004 mS, *n* = 6) nor in oocytes treated with 1 µM staurosporine (blue, 0.06±0.001 mS, *n* = 3). Replacement with KCl instead of NaCl did not increase the conductance for STS-treated oocytes (light blue, 0.02±0.001 mS, *n* = 4) compared to control (light grey, 0.02±0.002 mS, *n* = 4). Statistical analyses are mean±SEM and unpaired t-test (\*\* P\<0.01). **C**. Calculated intracellular Na^+^ concentrations, using Nernst\'s equation (Eq. 3), for oocytes treated with 1 µM STS in MBS solution (red, 10.1±1.4 mM, *n* = 4), 1 µM STS in MBS solution where NaCl had been replaced by ChCl (blue, 4.3±0.4 mM, *n* = 3) and 1 µM STS in MBS solution where NaCl had been replaced by KCl (light blue, 3.2±0.6 mM, *n* = 4). Intracellular Na^+^ concentration for control oocytes (control\*, black, 4.5±1.8 mM, *n* = 3) were taken from other reports [@pone.0088381-Baud1]--[@pone.0088381-Asif2]. Statistical analyses are mean±SEM and one-way ANOVA test with Bonferroni *post hoc* tests (\* P\<0.05, \*\* P\<0.01) **D**. Low extracellular Na^+^ (replaced by K^+^) prevented caspase-3 activation (control = 120,000±30,000, *n = *9, STS = 240,000±25,000, *n = *23 and w/o Na+STS = 90,000±18,000, *n = *19).Statistical analyses are mean±SEM and one-way ANOVA test with Bonferroni *post hoc* tests (\* P\<0.05, \*\*\*\* P\<0.0001)](pone.0088381.g007){#pone-0088381-g007}

Calculation by Nernst\'s equation (Eq. 3) shows that removal of extracellular Na^+^ during the STS-incubation period also decreased the intracellular Na^+^ concentration to control levels ([Fig. 7C](#pone-0088381-g007){ref-type="fig"}, Control\* = 4.5±1.8 mM, *n* = 3, black; STS = 10±1.4 mM, *n* = 4, red; Choline + STS = 4.4±0.4 mM, *n* = 3, dark blue; w/o Na + STS = 3.2±0.6 mM, *n* = 4, light blue. P\<0.05 (\*) and 0.01 (\*\*)). The intracellular Na^+^ concentration from the present investigation is close to data from other studies measured by different techniques in enzymatically defolliculated oocytes (5--6 mM) [@pone.0088381-Baud1]--[@pone.0088381-Asif2]. The caspase-3 activity increased in STS-treated oocytes ([Fig. 2B](#pone-0088381-g002){ref-type="fig"}), and this effect was effectively blocked when the oocytes were STS-treated in a solution without Na^+^, where Na^+^ had been replaced by K^+^ ([Fig. 7D](#pone-0088381-g007){ref-type="fig"}, Control = 120,000±30,000 *n* = 9, black; STS = 240,000±25,000 *n* = 23, red; w/o Na + STS = 90,000±18,000, *n* = 19, blue. P\<0.05 (\*) and 0.0001 (\*\*\*\*)). To summarize these experiments, STS increases the Na^+^ conductance which leads to in increased Na^+^ influx. This Na^+^ influx leads to an increased caspase-3 activity.

Discussion {#s3}
==========

In the present investigation we have found that an endogenous Na^+^ channel in *Xenopus* oocytes is up-regulated during STS-induced apoptosis and that the Na^+^ influx is essential for the apoptotic process. [Figure 8](#pone-0088381-g008){ref-type="fig"} summarizes the main findings in this article. STS increased the Na^+^ conductance, increased the intracellular Na^+^ concentration, and increased the caspase-3 activity in normal physiological solutions. By lowering the extracellular Na^+^ concentration, STS could still increase the Na^+^ conductance, but failed to increase the intracellular Na^+^ concentration and thereby preventing caspase-3 activation and apoptosis.

![Summary of effects of staurosporine on *Xenopus* oocytes.\
See text for explanation.](pone.0088381.g008){#pone-0088381-g008}

Identity of the Na^+^ channel {#s3a}
-----------------------------

The described ion channel activated during apoptosis is an atypical Na^+^ channel. Most voltage-gated Na^+^ channels have a steep voltage dependence (slope corresponds to 4 elementary charges), open at voltages around −30 mV, activate fast (\<1 ms), inactivate quickly (\<10 ms), and are highly sensitive to tetrodotoxin [@pone.0088381-Hille1]. The Na^+^ channel described here has a slightly shallower voltage dependence and activates slightly slower (about 10 ms). However, the other parameters are completely different: There is no clear inactivation during 1 s pulses. The channel is activated at much more positive voltages (around +50 mV), and it is not sensitive to tetrodotoxin. These properties do not fit to any conventional Na^+^ channel described in the human or rat genomes. Previous reports show at least four different endogenous Na^+^ currents in oocytes: 1. Na^+^ channels sensitive to amiloride [@pone.0088381-Weber1], 2. Na^+^ currents induced by an intracellular acidification induced by NH~4~ ^+^ [@pone.0088381-Kupitz1], 3. Na^+^ channels activated by ATP [@pone.0088381-Burckhardt1], and 4. Na~x~ channels activated by a positive voltages [@pone.0088381-Baud1], [@pone.0088381-Vasilyev1]. Even though we have not tested for intracellular acidification and NH~4~ ^+^, we found that Na~x~ is a strong candidate for the channel described in the present investigation. Na~x~ has been reported to be blocked by the local anaesthetics lidocaine; 1 mM lidocaine reduces the Na~x~ current by about 75% [@pone.0088381-Charpentier1]. Therefore, as a further test of the Na~x~ hypothesis, we also tested lidocaine on the STS-induced current. 1 mM lidocaine blocked the verapamil-sensitive fraction of the current by 67±5% (n = 3), thus supporting that the STS-induced current is identical to the Na~x~ current.

Role of Na~x~ and intracellular ions during apoptosis {#s3b}
-----------------------------------------------------

The Na~x~ channel conductance is up-regulated during apoptosis and this up-regulation could be caused either by altered expression or by altered channel properties. The genome for *Xenopus laevis* is not yet completely sequenced, so expression studies are not possible to do. However, because we have not been able to detect any alterations in channel properties in STS-treated oocytes compared to control oocytes, we think an increased expression is the most likely explanation for the increased conductance.

We have also shown that prevention of Na^+^ influx prevents apoptosis. Thus, it is possible that the Na^+^ influx through Na~x~ is an important event in the apoptotic process. One possibility is that Na^+^ ions directly affects the caspases. Another possibility is that the increased intracellular Na^+^ concentration leads to an increased intracellular Ca^2+^ which consequently affects the apoptotic process. Increased intracellular Ca^2+^ has been suggested to trigger apoptosis in different cell types [@pone.0088381-Yang1], [@pone.0088381-Liu1]. Normally intracellular Ca^2+^ is pumped out through a Na^+^/Ca^2+^ exchanger (NCX exchangers) [@pone.0088381-Khananshvili1]. An important consequence of increasing the intracellular Na^+^ concentration during apoptosis could be to change the intracellular concentration of other ions [@pone.0088381-Arrebola1], [@pone.0088381-Arrebola2]. The NCX exchanger (NCX1 and NCX3) is known to be expressed in oocytes and in physiological conditions intracellular Ca^2+^ is exchanged with Na^+^ in a 1∶3 ratio [@pone.0088381-Khananshvili1], [@pone.0088381-SolsGarrido1]. However, an increase of intracellular Na^+^ could reverse the direction of Ca^2+^ to an inward current and thereby increasing the intracellular Ca^+2^ concentration. So the change of intracellular ion composition, especially Na^+^ effect on Ca^2+^ concentration, could be a pathway that leads to cell death [@pone.0088381-Banasiak1], [@pone.0088381-Yang1], [@pone.0088381-Liu1], [@pone.0088381-Hirn1].

There are many reports where high concentration of extracellular K^+^ inhibits apoptosis [@pone.0088381-Yu1]--[@pone.0088381-Bortner1]. In line with this, we found in a previous investigation that intracellular K^+^ decreases during STS-induced apoptosis in *Xenopus* oocytes, but we also found that maintaining the intracellular concentration of K^+^ did not prevent apoptosis [@pone.0088381-Brjesson1]. Together with the data in the present investigation, we suggest that an increase in intracellular Na^+^ rather than a decrease in intracellular K^+^, is crucial for the apoptotic process in *Xenopus laevis* oocytes, and consequently, it is not the *high* extracellular K^+^ concentration but the *low* extracellular Na^+^ concentration that prevents apoptosis. This also fits with other reports on the role of intracellular Na^+^ [@pone.0088381-Banasiak1], [@pone.0088381-Hirn1], [@pone.0088381-Poulsen1].

Materials and Methods {#s4}
=====================

Ethics statement {#s4a}
----------------

The animal experiments in this study were approved and performed in accordance with the guidelines from the European parliament and Community Council Directive (2010/63/EU) and the Swedish National Board for Laboratory Animals under the ethical permit Dnr: 125-10, which was approved by Linköpings djurförsöksetiska nämnd (the local animal research ethical committee in Linköping).

Cell preparation {#s4b}
----------------

Oocytes were surgically collected from adult female frogs of the species *Xenopus laevis*. Oocytes at stages V-VI were selected and placed in Modified Barth\'s Medium (MBS) containing (in mM): 88 NaCl, 1 KCl, 2.4 NaHCO~3~ 15 HEPES-NaOH (pH 7.6), 0.33 Ca(NO~3~)~2~ · 4H~2~0, 0.41 CaCl~2~ · 6H2O, 0.82 MgSO~4~ · 7H~2~O, 2.5 Pyruvate, 10 µg/ml penicillin and 10 µg/ml streptomycin and were stored at +8°C.

Microscopy {#s4c}
----------

The oocytes were photographed using a USB-microscope (Dino-Lite Long AM4013TL, AnMo Electronics Corp., Taiwan)

Electrophysiological recordings {#s4d}
-------------------------------

Oocytes were incubated in MBS solution with (apoptosis) or without (control) 1 µl STS (Sigma-Aldrich, St Louis, MO) for 6 7 hours in room temperature before the electrophysiological measurements. The NaCl in the MBS solution were replaced either by 88 mM choline chloride (ChCl), 88 mM Tetramethylammonium chloride (TMA) or 88 mM KCl in certain experiments.

Ion currents were recorded by the two-electrode voltage-clamp technique (CA-1B amplifier, Dagan Corporation, Minneapolis, MN). The currents were low pass filtered at 5 kHz. The recordings were done in 100Na solution (in mM: 88 NaCl, 1 KCl, 15 HEPES, 0.4 CaCl~2~ and 0.8 MgCl~2~, pH adjusted to 7.4 with NaOH) or in a high K^+^, 0Na, solution (in mM: 89 KCl, 15 HEPES, 0.4 CaCl~2~ and 0.8 MgCl~2~, pH adjusted to 7.4 with KOH). The holding potential was set to −80 mV and the experiments were performed in 21 voltage steps of 10 mV to +100 mV. Tail currents were recorded at 0 mV after a 1 s prepulse to +100 mV. 100Na solutions containing TTX (1 µM), amiloride (10 µM) or verapamil (1, 10, 100 and 200 µM) were applied to the oocytes. In some experiments, NaCl was replaced by ChCl in the 100Na solution and the pH was set to 7.4 with TEAOH.

Caspase-3 activity {#s4e}
------------------

Oocytes were incubated in MBS solution either 1 with 1 µM STS (apoptosis) for different durations (between one and 24 hours) or without STS (control). The NaCl in the MBS solution was replaced either by 88 mM ChCl, 88 mM TMA or 88 mM KCl in certain experiments. The oocytes were then washed in ELB buffer (in mM: 250 sucrose, 50 KCl, 10 HEPES (pH 7.7) and 2.5 MgCl~2~). The oocytes were lysed with lysis buffer (in mM: 130 NaCl, 10 NaH~2~PO~4~/NaHPO~4~, 10 Tris-HCl (pH 7.5), 10 sodium pyrophosphate and 1% Triton) and then centrifuged at 12000x g for 15 min. Reaction buffer (in mM: 20 HEPES (pH 7.5), 2 dithiothreitol, 0.02 Ac-DEVD-AMC (Becton, Dickinson and Company, Franklin Lakes, NJ) and 10% glycerol) and cytosolic fraction of the oocytes was added in 96-well plate and incubated in 37°C for 1 h. Fluorescence was measured using Perkin Elmer multilabel counter VICTOR^3^ V using the Wallace 1420 software version 3.00 (Perkin Elmer, Sweden) at the wavelengths 380/460 nm.

Data analysis {#s4f}
-------------

All recordings were off-line leakage compensated for by the Clampfit software 10.4 (Axon Instruments/Molecular Devices, CA). The conductance, G, was calculated aswhere I is the ion current, V the absolute membrane voltage, and Vrev the reversal potential for the channel to be studied (measured directly from the experiments). Conductance versus voltage, G(V), was fitted towhere V50 is the voltage at which 50% of the channels reside in the open state, and where zg is the gating charge, that is the amount of charge that have to be moved to open the channel. R, T and F have their normal thermodynamic meanings. The intracellular Na+ concentration, \[Na+\]i, was calculated using Nernst\'s equationwhere \[Na+\]o is the extracellular Na+ concentration (100 mM) and ENa is the equilibrium potential for Na+. F, R, and T have their normal thermodynamic meanings

Data are presented as mean±S.E.M, with *n* as the number of oocytes investigated.

Statistical analysis was performed using one-way ANOVA with Bonferroni *post hoc* tests and unpaired t-test (GraphPad Prism, software 5). Statistical significance was defined as p\<0.05 (\*), 0.01 (\*\*) and 0.0001 (\*\*\*\*).
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